Establishing a pool of granules at the luminal border is a key step during exocrine cell development in the pancreas and is necessary for efficient release of digestive enzymes through regulated exocytosis. Several proteins have been linked to maintaining granule organization, but it is unclear which regulatory mechanisms are necessary to establish organization. Based on temporal and spatial expression, the transcription factor Mist1 is an excellent candidate, and analysis of mice that do not express Mist1 (Mist1 KO ) reveal disrupted cell morphology in adult pancreatic acini. To address Mist1's role in establishing granule location, we have characterized the organization of pancreatic acini throughout development in Mist1 KO mice. Using various histological approaches, we have determined that correct granule organization is never established in pancreatic acini of Mist1 KO mice. Further examination indicates that this disruption in granule targeting may be the primary defect in Mist1 KO mice as granule organization is affected in other serous exocrine cells that normally express Mist1. To identify a mechanistic link between granule targeting and the loss of Mist1 function, intercellular junctions and the expression of Rab3D were assessed. While both of these factors are affected in Mist1 KO mice, these changes alone do not account for the disorganization observed in Mist1 KO tissues. Therefore, we conclude that Mist1 is necessary for complete differentiation and maturation of serous exocrine cells through the combined regulation of several exocrine specific genes.
Introduction
Throughout the gastrointestinal tract there are several exocrine cell populations that house serous secretory vesicles that are released in response to endocrine signals, or secretagogues, by a process known as regulated exocytosis (Burgoyne and Morgan, 2003) . While the stimulation of an intracellular signalling cascade is key in initiating exocytosis in response to hormonal signals such as cholecystokinin (CCK; Wasle and Edwardson, 2002) , it is also essential that secretory granules are correctly localized to the luminal surface of the cell. In pancreatic acini, zymogen granules (ZGs) are associated with the apical border of the cell and maintained there by attachment to the actin cytoskeleton (Valentijn et al., 1999) . Improper formation of granules and localization of enzymes can lead to intracellular digestion, inflammation and tissue injury (Gronroos et al., 1991; Hofbauer et al., 1998) . Early stages of acute pancreatitis involve the association of lysosomal hydrolases (e.g. cathepsin B) with proenzymes (Grady et al., 1996; Hofbauer et al., 1998; Otani et al., 1998) , thereby triggering the intracellular activation of the proenzymes (Lerch and Gorelick, 2000) .
The establishment of cell polarity is a rather late event in the differentiation of serous type cells that include salivary gland acinar cells, pancreatic acinar cells, gastric chief cells and Paneth cells. For instance, in the pancreas the first signs of exocrine cell determination are observed prior to embryonic day 11.0 (E11) (Gittes and Rutter, 1992) , and acinar cells can be distinguished at E14 (Slack, 1995) , but it is not until E16.5 that ZGs appear and eventually become organized within the cells (Bock et al., 1997) . This pattern of acinar cell determination, differentiation and organization is observed during the development of salivary glands, albeit at later time-points in development (Denny et al., 1997) . While serous exocrine cells of the stomach (i.e. chief cells) exhibit different patterns of tissue architecture, these cells have similar patterns of intracellular organization. Secretory granules within the chief cells are housed adjacent to the gastric gland lumen while nuclei are located at the base of the cells (Karam and Leblond, 1992) .
Since the localization of granules is critical in producing an efficient exocytosis response, it is important to determine the mechanisms by which these granules are appropriately positioned. One family of proteins believed to be involved in granule trafficking and secretion is the Rab proteins, which are members of the small G protein super family that share homology to Ypt yeast proteins (Valentijn and Jamieson, 1998; Larkin et al., 2000; Segev, 2001) . In particular, the Rab3 members of this family have been implicated in the process of regulated exocytosis as all cells that respond to secretagogue stimulation exhibit high levels of expression of at least one Rab3 molecule (Piiper et al., 2001; Fischer et al., 1994) . Rab3D is expressed to high levels in all serous exocrine cells while the other Rab3 proteins are absent (Ohnishi et al., 1996) , suggesting a particular link between these cells and Rab3D. Rab3D has been localized to the ZG membrane (Valentijn et al., 1996) and is believed to contribute to the anchoring of ZGs to the actin cytoskeleton (Valentijn et al., 2000; Ohnishi et al., 1996) . Increased expression of Rab3D leads to changes in exocytosis ability (Ohnishi et al., 1997 ) and ablation of the Rab3D genes results in decreased granule size (Riedel et al., 2002) in pancreatic acinar cells.
While a great deal is known about the proteins that control granule movement, little is known about the transcription factors that regulate the expression of the genes that encode these proteins. Several factors have been identified in subsets of the different serous secreting cells. PTF1-p48 is necessary for differentiation of the exocrine pancreas, however, it is limited in its expression to only pancreatic precursor cells, acinar cells and some limited expression within the brain (Krapp et al., 1998) . Similarly, Sgn1 is only expressed in salivary glands (Yoshida et al., 2001) . Unless each cell type has its own set of regulatory proteins for governing expression of proteins involved in cell organization, one would expect that a common factor would be expressed within all these cells.
Mist1 is a class II basic helix -loop -helix (bHLH) transcription factor (Lemercier et al., 1997 ) that exhibits a highly defined expression pattern in adult animals. Based on immunohistochemical and reporter gene assays, Mist1 expression has been identified exclusively in tissues that exhibit a serous type secretion including the pancreas, salivary glands, chief cells of the stomach, seminal vesicles, and lacrimal glands (Pin et al., 2000) . During pancreatic development, Mist1 is first expressed at E10.5 and remains at high levels in the adult animal (Pin et al., 2001) . Ablation of the Mist1 coding region in mice (Mist1 KO ) results in two significant alterations that are related to the process of regulated exocytosis in adult mice. First, genes known to be involved in secretagogue signalling, including the CCK A receptor and inositol 1,4,5-triphosphate receptor-3 (IP 3 R-3) (Joseph, 1996; Wank, 1998) exhibit altered expression in the exocrine pancreas. Second, cell organization in adult acinar cells is disrupted as ZGs do not accumulate at the apical border of the acinar cell (Pin et al., 2001) . While these phenotypes indicate that Mist1 is necessary for maintaining the acinar cell phenotype and function, the study did not address the hierarchy of events that lead to the final Mist1 KO phenotype. It is possible that cell organization is initially established but lost due to the presence of active enzymes (Pin et al., 2001) or a loss in cell communication (Rukstalis et al., 2003) that have been observed in adult Mist1 KO pancreatic tissue. To determine if Mist1 is necessary to establish acinar cell organization we have examined acinar cell morphology in Mist1 KO mice throughout pancreatic development as well as in other gastrointestinal cell types that typically express Mist1. We have also assessed the expression of Rab3D and the presence of intercellular junctions in an effort to link altered transcriptional regulation to the affected cell organization. Our results indicate that typical organization is never obtained in Mist1 KO pancreatic acinar cells, and this is not the result of improper enzyme activation or lack of adherens junctions. Additionally, parotid acini and gastric chief cells also exhibit disruptions in granule organization suggesting that Mist1 is necessary for the completion of acinar cell maturation and the establishment of the cell organization necessary for normal exocytosis in serous exocrine cells.
Results

Mist1 expression during development of the gastrointestinal tract
The expression of Mist1 has been observed throughout the gastrointestinal tract in adult mice, specifically localized to cells that undergo regulated exocytosis (Pin et al., 2000) . To determine the initiation of expression of Mist1 in these cells, immunofluorescence (IF) using a Mist1 specific antibody was performed on tissue sections from embryonic (E) and postnatal (P) mouse development (Fig. 1) . Mist1 gene expression is limited to pancreatic tissue prior to E14.5 (Pin et al., 2001) and IF on E12.5 sections revealed no expression outside of the pancreas at this time-point (data not shown). By E14.5, weak expression of Mist1 is observed in the branching epithelium of the developing salivary gland as well as the exocrine pancreas (Fig. 1A,B) . At E16.5, stronger Mist1 expression was observed in the salivary glands (Fig. 1C ) in addition to the expression found in acinar cells of the pancreas (Fig. 1D) . No Mist1 expression is detected in the epithelial lining of the stomach at E16.5 (Fig. 1E ), but by E19.5 Mist1 is detected in the gastric epithelium (Fig. 1F ). In addition, cells in the intestinal tract also express Mist1, presumably precursors to Paneth cells (data not shown). By P10, Mist1 expressing cells are restricted to the base of the gastric glands, corresponding to the location of chief cells (Fig. 1G ). Based on previous observations the expression of Mist1 appears to coincide with, and even predate the differentiation of serous exocrine cells throughout the GI tract. However, analysis of adult animals indicates that exocrine cell determination is not dependent on Mist1 as all exocrine cells are present in Mist1 KO mice (see below). Therefore, we chose to examine the effects that the loss of Mist1 has on later time-points of acinar cell development and maturation.
The establishment of typical acinar cell organization is dependent on Mist1 expression
Adult pancreatic acinar tissue exhibits significant disorganization in the absence of Mist1 suggesting that Mist1 is necessary to maintain proper cell organization (Pin et al., 2001) . However, it is unclear if appropriate cell organization is initially established in the absence of Mist1. Therefore, using IF for amylase, acinar cell organization was assessed in pancreatic tissue from E16.5 and 19.5 (Fig. 2) . At E16.5, amylase expression is already limited to the apical portion of the cells in wild type (WT) mice, while nuclei are located towards the basal pole of the cell ( Fig. 2A,  C) . In contrast, weak amylase expression is observed in
Mist1
KO acinar cells, but not confined to the luminal border in the cells (Fig. 2B,D) . In addition to disruptions in granule targeting, amylase expression is observed in nuclei of Mist1 KO acinar cells. Confocal analysis of amylase staining in Mist1 KO pancreatic sections confirmed nuclear localization (Fig. 2E,F) .
To specifically identify ZGs within the acinar cells, semithin sections of pancreatic tissue from WT and Mist1 KO mice at E19.5 and P2 were stained with toluidine blue (Fig. 3A -D) . In WT pancreas ZGs accumulate at the apical border of the cell with granule localization becoming restricted by P2. In Mist1 KO acinar cells at E19.5, few granules are observed and these are located throughout the cell. At P2, more ZGs are now observed, but these granules are still dispersed throughout the acinus. Electron micrographs confirm these results as the distinct accumulations of granules seen in WT acini are not observed in Mist1 KO acini ( Fig. 3E -H) . Based on these results, it appears that correct cell and granule organization are not established in Mist1 KO pancreatic acini.
In the process of initially characterizing adult Mist1 KO mice, we observed other phenotypic alterations in pancreatic acinar cells including premature activation of enzymes and disruptions in intercellular junctions (Pin et al., 2001) . To determine if these phenotypes were the underlying cause of disrupted cellular organization, each was assessed during late embryonic or early postnatal development. The amount of activated carboxypeptidase (CPA) was assessed by Western blot analysis of pancreatic protein extracts from WT and Mist1 KO mice at P1, P10 and P22. The inactive CPA isoforms are 47 -49 kDa in size while the activated forms of the enzyme are 33 -35 kDa (Gorelick et al., 1992) . Consistent with adult Mist1 KO extracts, activated CPA is present within the pancreas of Mist1 KO mice at all timepoints ( Fig. 4A) . Surprisingly, activation of CPA is also observed in pancreatic protein extracts from WT animals at P1, although by P22 all of the CPA is in the inactive form. These findings indicate that part of the normal maturation process for pancreatic acini involves establishing mechanisms for maintaining inactive proenzymes. The presence of activated CPA in WT tissues at P1 suggests that intrapancreatic enzyme activation is not the underlying cause of disorganization in Mist1 KO acini. Intercellular junctions play a role in maintaining cell organization (Leser et al., 2000) and previous studies revealed a loss of connexin32 (Rukstalis et al., 2003) and b-catenin (Pin et al., 2001 ) expression in postnatal Mist1 KO acinar tissue. Analysis of Cx32 expression was assessed on E19.5 pancreatic sections from WT and Mist1 KO mice using dual IF with amylase ( Fig. 4B -E) . While Cx32 expression is significantly diminished in Mist1 KO acini, this loss of Cx32 alone does not account for disruptions in cell organization as Gjb1 KO (targeted ablation of the Gjb1 gene which codes for Cx32) acini maintain proper cell organization ( Fig. 4F -H) based on amylase localization. To assess the presence of adherens junctions, electron microscopy was used to examine sections from Mist1 KO and WT pancreatic tissues at P2 (Fig. 4I,J ). This analysis confirms the presence of adherens junctions at the apical borders on Mist1 KO acini at a time when cell disorganization is already apparent. Therefore, neither the loss of Cx32 or adherens junctions appears to be the specific cause for cell disorganization in Mist1 KO mice. KO pancreatic acinar cells before (E19.5; A,B,E,F) and after birth (P2; C,D,G,H) using toluidine blue histology (A -D), and electron microscopy (E-H). In WT acini, ZGs accumulate ( ) at the luminal border of the acini and nuclei (Q or n) are localized to the base of cells. In Mist1 KO acinar cells, no distinct accumulations of ZGs are observed. Granules extend throughout the cell ( ) and nuclei are centrally located (Q or n) within the acinus. Magnifications are the same for (A) -(D), (E) and (G), (F) and (H). c, centroacinar cell nucleus; d, duct cell nucleus.
Cell organization is disrupted in other exocrine cells in the gastrointestinal tract of Mist1 KO mice
Analysis of pancreatic development in the absence of Mist1 expression supports the hypothesis that the primary defect in Mist1 KO mice is an inability to establish appropriate granule organization. If this is the case, then other cell types that normally express Mist1 should exhibit a similar alteration in organization. Therefore, other Mist1 expressing cells in the gastrointestinal tract, including parotid gland acini (Fig. 5 ) and chief cells of the stomach KO adult parotid gland acini reveals a disruption in cell morphology similar to that observed in the pancreas of Mist1 KO mice. In WT mice, acini are organized in spherical arrangements with ZGs localized to the apical portion of the cells and nuclei at the base of the cells (Fig. 5A ).
Mist1
KO parotid tissue reveals significant disorganization with no typical acini observed and nuclei found throughout putative acinar structures (Fig. 5B) . IF for amylase reveals disruption of ZG accumulations in Mist1 KO acini with granules extending throughout the cells (data not shown) and electron microscopy confirms these observations revealing significant changes in ZG accumulation (Fig.  5C,D) . Unlike WT acini, ZGs do not accumulate at the apical border, but stretch throughout the cell and are observed on the basal side of centrally located nuclei.
Analysis of stomach epithelium indicates that chief cells of Mist1 KO gastric glands exhibit a similar morphological defect. To specifically identify chief cells in the lining of the stomach, IF for Intrinsic Factor (a marker for chief cells) was performed on sections from WT and Mist1 KO animals. In both cases, chief cells are readily apparent at the base of the gastric glands (Fig. 6A,B) . Closer analysis indicates that in WT animals, nuclei were situated at the base of the cells, and Intrinsic Factor is localized towards the luminal aspect of the cell (Fig. 6C) . In Mist1 KO chief cells, organization is disrupted with nuclei taking a more central location (Fig. 6D ). This disorganization is clearly evident following confocal analysis of P22 stomach sections stained for Intrinsic Factor (Fig. 6E,F) suggesting that appropriate cell organization is not established in chief cells during development. Examination of adult gastric glands using electron microscopy ( Fig. 6G,H) confirms a disruption in cell morphology and granule organization specific to chief cells within the gastric lining of Mist1 KO animals. All granules in a typical chief cell are located between the gastric gland lumen and the nucleus, but in Mist1 KO chief cells, granules exhibit no distinct localization to the luminal border of the cells and appear fewer in number.
Characterization of pancreatic tissue in older adult Mist1 KO mice revealed progressive deterioration of the tissue over time (Pin et al., 2001) . Therefore, the morphology of the gastric glands was assessed in sixmonth Mist1 KO mice (Fig. 6I -L ). H and E histochemistry reveals more significant morphological changes in the gastric glands of Mist1 KO mice at this time. Typical gastric glands from WT animals present a simple columnar epithelium with chief cells localized to the bottom third of the gland, staining a deep purple and nuclei localizing to the base of the cells (Fig. 6I,L) . At higher magnification, the cells form a gastric gland with no apparent lumen. Putative chief cells in Mist1 KO mice have a lower profile, typical of cuboidal cells, centrally located nuclei and the gastric gland lumen is now readily observed (Fig. 6J,M) . To confirm that these cells represent a population that normally expressed Mist1, X-gal histochemistry was performed on adjacent sections (Fig. 6K) . In generating the Mist1 KO mouse line, the targeted placement of the LacZ gene into the Mist1 coding region put the control of nuclear-localized b-galactosidase expression under the regulation of the Mist1 gene locus (Pin et al., 2000) . In Mist1 KO mice, b-galactosidase expression is limited to the gland region of the gastric epithelium adjacent to the submucosal lining of the stomach consistent with the location of gastric chief cells.
Rab3D expression and ZG size are altered in Mist1 KO animals
Studies from several groups have suggested a role for Rab3D in anchoring ZGs to the actin cytoskeleton and Rab3D exhibits a very similar tissue expression pattern to Mist1 (Ohnishi et al., 1996; Valentijn et al., 2000) . Therefore, we chose to compare the expression of Rab3D in WT and Mist1 KO mice. IF analysis of Rab3D on WT and Mist1 KO sections revealed a disruption in localization as well as a decrease in staining intensity in Mist1 KO acini (Fig. 7A,B (Riedel et al., 2002) and, therefore, we compared ZG size between WT and Mist1 KO animals. Initial observations had suggested that ZGs are smaller in Mist1 KO acinar cells and this was readily apparent in EMs from two-month animals (Fig. 7D,E) . The size of granules was compared between WT and Mist1 KO acinar cells from two days (P2) and two-month-old animals using an independent samples ttest (Fig. 7F) . At P2, the average granule diameter in Mist1 KO mice is 82 -153 nm (10 -18%) smaller than WT granules (95% confidence interval; P , 0:001). The difference in granule size is even greater at two months as the average diameter for Mist1 KO granules is 243 -303 nm (28 -35%) smaller than WT granules (95% confidence interval; P , 0:001). Comparisons of ZG diameter between the two ages indicates that the size does not change over time in WT acini ðp ¼ 0:169Þ but granules do get smaller with age in Mist1 KO acini (average change in size is 19%, P , 0:001) suggesting that granule stability or replenishment is affected over time.
To further investigate Rab3D's role in the Mist1 phenotype, we mated Mist1 KO mice to mice that overexpress a HA tagged Rab3D specifically in pancreatic acinar cells (Ohnishi et al., 1997) . The resulting mice (Mist1 KORab3D ) were characterized for morphological and functional reversions of the Mist1 KO phenotype. Toludine blue staining of semi-thin sections from two-month Mist1
KORab3D pancreatic tissue indicates that pancreatic acini are still disorganized even in the presence of increased levels of Rab3D (Fig. 8A -C) . This finding was confirmed by dual fluorescent IHC for amylase and HA which revealed dispersed granules throughout the acini of Mist1 KORab3D pancreatic tissue (Fig. 8D -F) . Additionally, analysis of CPA activation in Mist1
KORab3D protein extracts indicates that the over-expression of Rab3D does not correct the intrapancreatic activation of enzymes observed in Mist1 KO mice. Therefore, while Rab3D expression is altered in Mist1 KO tissues, it is unlikely that decreased Rab3D expression alone is responsible for the changes in cellular morphology observed in Mist1 KO animals.
Discussion
The establishment of cell organization is a key event during acinar cell development and is essential to the appropriate functioning of these cells. Disruption of granule accumulation can lead to tissue damage and cell death, and is an indicator for pancreatic disease (Gaisano, 2000) . While several proteins have been shown to have a role in maintaining cell organization (O'Shea and Herskowitz, 2000; Leser et al., 2000) , it has been unclear which regulatory factors are necessary for the establishment of cell specific organization during development. Our previous analysis of a mouse line in which the Mist1 gene has been ablated indicated that Mist1 is necessary to maintain appropriate cell organization in pancreatic acinar cells (Pin et al., 2001) . However, these studies were performed on adult mice and revealed several alterations in pancreatic acinar cell function, morphology and intercellular junctions, all of which could promote cell disorganization. Therefore, it was important to characterize the morphology of acinar cells throughout development to understand the hierarchy of events that lead to this phenotype. The work presented here strongly supports a role for Mist1 in establishing appropriate ZG positioning and acinar cell organization and suggests that Mist1 is an important factor necessary for complete acinar cell development.
Mist1 KO mice exhibit a gradual deterioration in acinar cell morphology over time and eventually Mist1 KO acinar cells begin to lose their differentiated state (Pin et al., 2001) . We have now observed a similar deterioration in other tissues, most notably the gastric epithelial chief cells. Due to the progressive nature of this phenotype, it has been unclear which alterations in adult Mist1 KO mice are due specifically to the absence of Mist1, and which effects are secondary in nature. We have now clarified the hierarchy of events that occur in the Mist1 KO mice. First, correct organization of Mist1 KO acinar cells is never established during development and this disorganization likely contributes to KORab3D (E) tissue. Mice over-expressing Rab3D in the WT (F) background exhibit normal morphology. (G) Western blot analysis for CPA indicates that over-expression of Rab3D does not prevent intrapancreatic activation. Activated CPA is found in both Mist1 KO (2 /2 ) and
the maintained presence of activated enzymes in Mist1 KO acinar cells. In the absence of appropriate sequestering of the ZGs, we believe that more promiscuous fusion between organelles can occur and we have previously observed improper fusion of ZGs to other organelles in Mist1 KO acinar cell. Work from several laboratories has indicated that the inappropriate localization of lysosomal hydrolases can cause activation of trypsinogen (Otani et al., 1998; Kukor et al., 2002) and this maintenance of activated enzymes increases the likelihood of cell necrosis, inflammation and further tissue disorganization, all of which are seen in older Mist1 KO pancreatic tissue. In this manuscript, we have consistently observed the localization of amylase in nuclei of Mist1 KO acinar cells, indicating that the disruption of ZG distribution leads to ectopic localization of ZG proteins. This localization of amylase to the nucleus is not due to artifactual fixation as several fixation methods reveal the same result (data not shown).
We have also investigated the possibility that intrapancreatic enzyme activation and disrupted cellular junctions are the primary defects in the Mist1 KO phenotype and concluded that they are not. Active enzymes are present early in postnatal development of WT pancreatic tissue, cellular disorganization predates disruption of adherens junctions and Gjb1 KO mice exhibit no changes in acinar cell organization. We have previously shown that tight junctions are present and appropriately localized in Mist1 KO exocrine tissue (Rukstalis et al., 2003) indicating that some acinar cell organization is established. Therefore, we would suggest that the primary defect in Mist1 KO mice is an inability to correctly position ZGs for secretion. This is consistent with other cell types within the GI tract that express Mist1, as well as in lacrimal gland acini and cells lining the seminal vesicle (unpublished observations, C. Johnson), two other tissues that express Mist1 to high levels. In addition, loss of the drosophila homologue to Mist1, dimmed, effects the expression of pro-secretory genes suggestive of a secretory granule defect (Hewes et al., 2003) . We have now identified a consistent phenotypic alteration in Mist1 KO exocrine cells in the gastrointestinal tract. However, we have not identified the mechanism by which this phenotype arises. Based on the hypothesis of a granular defect, we have examined several granule membrane proteins (this manuscript and Pin et al., 2001 ). To date, Rab3D has been the most promising candidate as a mechanistic link between genotype and phenotype. Rab3D is associated with the ZG membrane in serous exocrine cells Valentijn et al., 1996) and dissociation of ZGs from Rab3D is needed to allow granules to proceed through the terminal actin web for secretion (Valentijn et al., 2000) . This suggests that Rab3D regulates the location of the ZGs and over-expression of a dominant negative form of Rab3D alters the regulated exocytosis ability of pancreatic acinar cells (Chen et al., 2002) . However, our results suggest that it is unlikely that Rab3D alone mediates the organizational defect observed in Mist1 KO mice. Targeted ablation of Rab3D leads to an increase in granule size and no changes in granule localization (Riedel et al., 2002) , which are not consistent with Mist1 KO phenotype, and reexpression of Rab3D into Mist1 KO pancreatic acinar cells does not restore acinar cell organization.
Although disorganization is observed in other genetically altered mice, this is the first example in which the loss of a pancreatic exocrine specific protein results in acinar cell disorganization. Targeted ablation of PTF1-p48 results in a complete absence of exocrine pancreatic tissue (Krapp et al., 1998) , and while BETA2 KO mice exhibit similar disruptions in acinar cell morphology (Naya et al., 1997) , BETA2 is expressed exclusively in the endocrine cell compartment (Wilson et al., 2003) , so this effect is believed to be generated by extracellular events. Mice expressing a dominant negative form of TGF beta receptor 2 also show extensive disruption of the exocrine tissue compartment (Bottinger et al., 1997) , but this is due to the inability of TGF beta to maintain acinar cells in their differentiated state. However, these models suggest that the disruption in cell organization represents a developmental defect and, based on our results, Mist1 appears to be essential for promoting full exocrine cell maturation in the pancreas. Mist1 expression precedes all exocrine specific markers in the pancreas except PTF1-p48 (Krapp et al., 1998) and we have now documented Mist1 expression prior to differentiation in other serous exocrine cells, including salivary glands and gastric chief cells. Earlier studies identified several genes that exhibit increased expression in adult Mist1 KO pancreatic tissue (Pin et al., 2001 ) including CCKAR (Wank, 1998) , and p8 (alternatively known as candidate of metastasis-1; com-1) (Vasseur et al., 1999) . These genes are normally expressed to high levels early in development followed by decreased expression at later time-points (Weinberg et al., 1997; Mallo et al., 1997; Desbois et al., 1998) . Our developmental analysis confirms that correct ZG localization and protective measures for maintaining inactive enzymes are not established at any time-point in development.
In conclusion, we hypothesize that Mist1 is necessary for completing exocrine cell development in the gastrointestinal tract. Incomplete acinar cell maturation leads to inappropriate ZG targeting allowing for fusion to other organelles. In the case of pancreatic acinar cells, fusion to lysozymes co-localizes trypsinogen with cathepsin B, thereby activating zymogens within the acinar cells. This activation leads to further disruptions in cellular architecture, progressive deterioration of the tissue and susceptibility to pancreatic disease as well as the eventual loss of cell identity observed at later times in Mist1 KO pancreatic tissue (Pin et al., 2001) . In support of this model Mist1 KO mice exhibit stellate cell activation, an early sign of pancreatitis (Haber et al., 1999; Lerch and Gorelick, 2000) , and increased levels of several genes linked to pancreatitis including PAP1 ( pancreatitis associated protein 1) (Bodeker et al., 1998) and reg1(alternatively known as pancreatic stone protein 1; PSP1) (Dusetti et al., 1996) . In addition, recent studies indicate that the absence of Cx32 increases the severity of pancreatitis following overstimulation with the CCK analogue, caerulein (Frossard et al., 2003) . Since Mist1 KO mice are deficient in cell coupling, we would expect a similar or even more severe response to caerulein stimulation, which we are currently investigating. Therefore, we postulate that Mist1 KO mice represent an important model for identifying the mechanisms and pathways that dictate susceptibility and initiation of pancreatic disease.
Experimental procedures
Mice
Mice used in this study carry a rearrangement of the Mist1 locus generated through homologous recombination resulting in the direct replacement of the Mist1 coding region with the bacterial LacZ gene (Fire et al., 1990) . They are the offspring of four backcross matings of the initial founder population (Pin et al., 2001 ) to parental C57BL6 mice from Harlan (Indianapolis, IN, USA). Therefore, the resulting genetic makeup of these mice is 97% C57BL6. No phenotypic differences due to changes in the genetic background of the mice have been observed. Gjb1 KO mice are described elsewhere (Chanson et al., 1998) and were obtained from G. Kidder and K. Willecke. Mice overexpressing a hemagglutinin (HA) tagged Rab3D protein behind the elastase I promoter (Rab3D HA ) have been characterized elsewhere (Ohnishi et al., 1997) . These mice express the HA-Rab3D protein specifically in pancreatic acinar cells. Mice homozygous for the elastase1-HARab3D locus were mated with heterozygous Mist1 mice (Mist1 LacZ ) and the resulting Mist1
LacZRab3D offspring used to generate Mist1 KO mice that over-express Rab3D (Mist1 KORab3D ). Mice ranging from 2 to 6 months in age were used for adult morphological studies. Comparisons in morphology were examined between WT, Mist1 KO , Rab3D HA and Mist1 KORab3D littermates. For developmental studies, Mist1 LacZ mice were mated to generate specific embryonic time-points and the presence of a vaginal plug was documented as E0.5. Pregnant females were sacrificed to obtain embryos at E12.5, 14.5, 16.5 and E19.5. Neonates were sacrificed at postnatal day (P) 1, P2, P10, and P22.
Tissue isolation and histochemistry
For histological studies, tissues from WT, Mist1 KO ,
Rab3D
HA and Mist1 KORab3D mice were removed from the animals and embedded in Cryomatrix (Fisher) as described (Pin and Merrifield, 1997) . All tissues were cut into 6 mm sections using a Shandon cryostat, mounted onto charged slides (Fisher Scientific) and stored at 2 20 8C until use.
For immunofluorescence, sections were fixed with 10% formalin for 10 min, washed several times with PBS, permeabilized with 0.1% TritonX-100, and blocked with 5% BSA þ 0.1% TritonX-100 for 30 min. Sections were incubated in primary antibodies diluted in blocking solution for 1 h at RT. The primary antibodies used included rabbit anti-Mist1 (Pin et al., 2001 ) rabbit anti-amylase (1:1000, Calbiochem), rabbit anti-Intrinsic Factor (1:200, D. Alpers, George Washington University, St Louis, MO, USA), rabbit anti-Rab3D (1:1000; M. McNiven), mouse anti-Cx32 (1:100, Chemicon), and rat anti-HA (1:100, Roche). Following incubation, sections were washed three times with blocking solution and incubated in secondary antibodies diluted 1:100 in blocking solution for 1 h at RT. Secondary antibodies included goat anti-rabbit TRITC, antimouse FITC and anti-rat FITC conjugated IgGs (1:1000; Sigma). Following incubation, sections were washed three times in PBS, with a third wash containing DAPI (Sigma) to stain the nuclei. Slides were mounted with Vectashield (Vector Laboratories) and IF was visualized with a Leica upright fluorescent microscope. H and E staining was carried out on cryostat sections from WT and Mist1 KO mice. All images were captured using the Openlab imaging system (Quorum Technologies).
4.3. Semi-thin sectioning, electron microscopy and statistical analysis of ZG size
Mist1
KO , Mist1 KORab3D and WT mice were sacrificed at either P2 or two months of age and perfused with 0.5% glutaraldehyde, 4% paraformaldehyde. Pancreatic tissue was removed from P2 animals and the pancreas, salivary glands, and stomach were dissected from adult animals and embedded in an epoxy resin. Semi-thin sections were stained with toluidine blue before further processing for electron microscopy. To determine the size of ZGs, the diameter of 200 granules from P2 and 330 ZGs from twomonth animals was measured. The difference in granule size between WT and Mist1 KO pancreatic acini was compared using an independent samples t-test to determine the equality of the means for the samples.
Western blot analysis
Tissue protein extraction, protein electrophoresis and immunoblotting were performed as described in Pin et al. (2000) . For immunoblot analysis, 10 mg of whole cell protein extracts were electrophoresed on acrylamide gels, transferred to PVDF membranes (Biorad) and incubated with a primary antibody against carboxypeptidase (1:1000; Biogenesis). Following incubation with a HRP conjugated anti-rabbit secondary antibody (1:1000; Sigma), the immunoblots were washed and developed using a Lumiglo Chemiluminescent Substrate Kit (Kirkegaard and Perry Labs) as per manufacturer's instructions.
RNA extraction and northern blot analysis
Pancreatic acini were obtained following standard protocols (Burnham and Williams, 1982) . Animals were euthanized with CO 2 and pancreatic tissue was removed and placed into KRB (0.1 M NaCl, 1 mM MgCl 2 , 5 mM KCl, 0.5 mM Na 2 HPO 4 , 33 mM NaHCO 3 , 0.5 mM CaCl 2 , 4 mg/ml glucose, 15 mg/ml glutamine and MEM amino acids) containing 0.1 mg/ml trypsin inhibitor. Pancreatic tissue was injected with a collagenase solution (100 U/ml in KRB plus 2.5 mg/ml BSA), gassed with O 2 and incubated at 37 8C at 110 rpm for 10 min. Tissue was transferred to a fresh collagenase solution, gassed and incubated for an additional 40 min at 37 8C with shaking. Acini were separated by manual pipetting and passed through a 150 mm nylon mesh filter. The filtrate was centrifuged at 500 rpm for 3 min and incubated at 37 8C in HEPES. Acinar cells were plated in Waymouth's medium containing 1% PenStrep and 0.5% FBS. Cells were incubated overnight, washed in cold DEPC-PBS and RNA was isolated using Trizol (In Vitrogen) as per manufacturer's instructions. Once RNA was resuspended in ethanol, it was further purified using RNeasy spin columns (Qiagen) and the final RNA pellet was resuspended in DEPC-H 2 O. Twenty micrograms of total RNA was electrophoresed on an agarose -formaldehyde gel and transferred in 10x SSC to HiBondXL (Amersham) nylon membrane. The RNA was UV cross-linked to the membrane and then probed as described in Pin et al. (2001) .
Probes for Northern blotting were prepared using the Rediprime II kit (Amersham) and unbound nucleotides were removed by passage through ProbeQuant G-50 Micro Columns (Amersham). The hybridization solution contained 1 £ 10 6 cpm/ml of probe. Following analysis of Rab3D expression, blots were stripped and reprobed for cyclophilin (Sturzenbaum and Kille, 2001 ). The relative expression of Rab3D was compared by performing densitometry analysis and standardizing Rab3D intensity to cyclophilin (control) intensity. Three independent RNA samples for each group were compared.
